We present theoretical and experimental results of Lévy flights of light originating from a random walk of photons in a hot atomic vapor. In contrast to systems with quenched disorder, this system does not present any correlations between the position and the step length of the random walk. In an analytical model based on microscopic first principles including Doppler broadening we find anomalous Lévy-type superdiffusion corresponding to a single-step size distribution P (x) ∝ x −(1+α) , with α ≈ 1. We show that this step size distribution leads to a violation of Ohm'
We present theoretical and experimental results of Lévy flights of light originating from a random walk of photons in a hot atomic vapor. In contrast to systems with quenched disorder, this system does not present any correlations between the position and the step length of the random walk. In an analytical model based on microscopic first principles including Doppler broadening we find anomalous Lévy-type superdiffusion corresponding to a single-step size distribution P (x) ∝ x −(1+α) , with α ≈ 1. We show that this step size distribution leads to a violation of Ohm's law [T diff ∝ L −α/2 = L −1 ], as expected for a Lévy walk of independent steps. Furthermore the spatial profile of the transmitted light develops power law tails [I(r) ∝ r −3−α ]. In an experiment using a slab geometry with hot rubidium vapor, we measured the total diffuse transmission T diff and the spatial profile of the transmitted light I(r). We obtained the microscopic Lévy parameter α under macroscopic multiple scattering conditions paving the way to investigation of Lévy flights in different atomic physics and astrophysics systems. Transport of waves in complex media has been studied for many decades, even though many fundamental or applicative questions are still under debate such as imaging through optical thick samples [1] or Anderson localization [2] . Light propagation in turbid media can often be described by a diffusion formalism where photons undergo a random walk process with a step-size distribution P (x) vanishing faster than 1/x 3 at infinity. In that case the central limit theorem applies and the mean-square displacement of photons is proportional to time. This is typically the case for light in cloudy atmospheres [3] or in biological tissues [4] .
However, many physical systems can be subdiffusive or superdiffusive depending on the random walk process characteristics. One particular mechanism for superdiffusion is called Lévy flights. The occurrence of Lévy flights has been investigated in a large variety of systems, ranging from trajectories of animals [5, 6] , human travel [7, 8] , turbulence [9] , earthquakes [10] to solar flares [11] . In optics, engineered materials where photons trajectories are described by Lévy flights have been realized recently by stacking glass spheres with a specific size distribution (and are thus called Lévy glasses) [12, 13] . In many of these systems, as in most turbid media relevant in applied physics [14] , possible correlations exist between the step-size distribution and the initial position of the step depending on the underlying topography of the system (e.g. quenched disorder in Lévy glasses) [15] . These correlations are at the root of some limitations in the observation of Lévy flights characteristics [16] , and it is thus important to look for a system without any of such correlations.
As suggested early on by Kenty [17] and reformulated later in the context of Lévy flights [18] , superdiffusion of light is also expected in many different atomic systems ranging from dense atomic vapors, hot plasmas to stars. In this Letter, we explore theoretically, numerically and experimentally the propagation of light in a slab containing a hot rubidium gas. This system corresponds to an annealed disorder where no correlation exists between the step-size distribution and the position [16] . Furthermore, the range of step-size distribution in atomic vapors is only limited by nearest neighbor distances and by the size of the sample, allowing for a huge increase in the dynamics of the signals. Previous theoretical work on Lévy flights of light have already been conducted in atomic vapors but are fully phenomenological [18, 19] .
In our theoretical approach, we derive a transport equation from first principles (microscopic approach starting from Maxwell equations) and with controlled approximations. This equation describes the incoherent propagation of radiation inside a gas consisting of twolevel atoms at high temperature. Solving this integrodifferential equation using a Monte Carlo technique allows us to obtain both the total diffuse transmission T diff as well as the intensity profile I(r) at the exit surface of the sample. A careful analytical analysis of the integrodifferential equation also leads us to an analytical expression for the step-size distribution P (x), which we use to obtain analytical prediction for the power law decrease of I(r) which is directly related to the Lévy exponent α.
In an experiment using a slab geometry with hot rubidium atoms, we have measured the total diffuse transmission T diff and the transmitted intensity profile I(r), both in excellent agreement with the theoretical predictions. The large dynamic range of the experiment data provides a reliable measurement for the Lévy exponent α, measured in single shot images under multiple scatarXiv:1402.6200v1 [physics.optics] 25 Feb 2014 tering conditions and is very close to the result obtained in a previous study based on the microscopic step-size distribution of light in the system [20] .
We start the derivation of the transport equation for light in atomic clouds with the polarizability of the atoms described by α (δ) = −4π/k
−1 where δ = ω − ω 0 is the detuning, ω 0 being the resonance frequency, Γ the linewidth and k 0 = ω 0 /c 0 the wavevector. This expression is valid for a two-level atom far from saturation and does not take into account the multilevel structure of the real atoms considered in the experiment. From this building block and from first principles (Maxwell equations), we derive a transport equation valid for a dilute gas at any temperature. It reads in the temporal Fourier space (see Ref. [21] for more details) (1) where I is the specific intensity (local radiative flux at position r, direction u, frequency δ and time t, Ω being the Fourier variable for time). g (v) is the atomic velocity distribution with mean-squarev (gaussian profile). Equation (1) is close to the standard Radiative Transfer Equation (RTE) [22] except that temporal convolution products and frequency shifts are present to take into account atomic resonances and Doppler effects (finite temperature) respectively. The extinction and scattering coefficients are given by µ e (δ,
where ρ is density of atoms. These expressions ensure energy conservation (the optical theorem is fulfilled). The domain of interest was previously cold atoms where k 0v /Γ 1 [21] . In the case of hot atomic vapors, the Doppler shift is larger than the natural linewidth. Thus we have to take the limit of Eq. (1) when k 0v /Γ 1. In practice, we also perform a long time approximation by considering Ω δ, Γ, k 0v . We obtain (see Sec. 1 of supplementary material)
where the extinction coefficient reduces to
with 0 the scattering mean-free path for pinned atoms at resonance. The scattering coefficient reduces to µ l p (δ, δ , u, u ) where p is the phase function (frequency redistribution) given by
This expression shows that frequency redistribution is not complete at each scattering event. The scattered frequency is still related to the incident one through the scattering angle given by u · u . Please note that a similar equation to Eq. (2) was derived previously in the steadystate regime in the context of planetary nebula [23] . First, we solved Eq. (2) using an exact Monte Carlo scheme and we obtained the transmitted intensity profile I(r) for a sample in the multiple scattering limit. As shown in Fig. 2 (d) , the wings of the profile develop a well pronounced power law, in contrast to the wings obtained in the classical diffusive limit, where this profile has an exponential tail (see Sec. 3 supplementary material).
To go further with an analytical approach and show that Lévy flights are encoded in this equation, we need to perform the approximation u · u = 0. This assumption is true on average (isotropic scattering) and holds only if a large number of scattering events are encountered by photons before leaving the system (validity checked numerically by Monte Carlo simulations). It implies complete frequency redritribution. In the following, we also consider a 3D slab geometry of thickness L along direction z. In that case, by integrating Eq. (2) over the azimuthal angle ϕ, we obtain
where p (δ ) = exp −δ 2 / 2k 2 0v 2 / √ 2πk 0v and µ = cos θ, θ being the polar angle between the direction u and the axis z. This equation allows us to derive the expression of the step-size distribution and to compute analytically its asymptotic behavior given by
when x → ∞ with α = 1. In this limit the average and the variance of the scattering length are not defined, leading to a diverging diffusion coefficient, confirming the presence of Lévy flights induced by large Doppler shifts (high temperature) in conjunction with sharp resonances (high quality factor of the atomic transition). Performing a modal expansion of the specific intensity (spatial Fourier transform combined with temporal eigenmodes [21, 24] ), one can obtain further analytical predictions and derive the dispersion relation of Eq. (4). It writes in the form (see Sec. 2 of supplementary material) s (k) /Γ ∝ k α when k → 0, k being the Fourier variable for space. s (k) is the temporal decay rate of the specific intensity for mode k, leading to a time decay scaling for large times as
where a is a coefficient independent of the sample thickness L. This could be observed in time resolved experiments. This dependence on k α for large systems (small k) confirms again the presence of Lévy flights and leads to an anomalous diffusion equation with a spatial derivative ∆ α/2 where α = 1 [25] . From a random walk point of view, it has also been shown that the asymptotic scaling P (x) ∝ 1/x α+1 of the step-size distribution of independent steps implies a power law behavior for the steadystate total diffuse transmission T diff ∝ L −α/2 at large optical thicknesses [12, 26] . We have exploited Eq. (5) further and shown analytically that, assuming the last step to be the dominant contribution, the transmitted intensity profile I(r) has power law tails which scale as (see Sec. 3 of supplementary material)
Indeed, we assume that photons escaping the system in transmission very far from the laser axis (tail of the radial profile, i.e. r L) undergo a very long last step leading to neglect all other steps. Considering that this last step is described by P (x) ∝ 1/x α+1 , we find the correct behavior for the tail of the radial profile. The tails of the transmitted intensity profile can thus be used to measure the Lévy exponent α, even if no microscopic model from first principles is available. We stress that the possibility to extract the Lévy exponent from one single transmission profile has an important advantage, as one does not need to realize samples with different size or opacity, already often difficult in laboratory environment, but impossible to realize in the astrophysical context.
Experimentally, microscopic measurements of the stepsize distribution have already been realized [20] showing the existence of Lévy flights of light in hot atomic vapors. In this Letter, we focus on the macroscopic evidence of Lévy flights by recovering the Lévy parameter α using a stationary experiment under multiple scattering conditions. Our experiment is really close to ideal Gedanken experiment. We illuminate a flat cell of thickness L = 3 mm filled with a rubidium vapor. We control the density of atoms by adjusting the temperature of the cell ranging from 40
• C (room temperature) to 170
• C. This corresponds to a change in opacity O from 10 2 to 10 5 where O = L/ 0 , 0 being the scattering mean-free path at resonance for pinned atoms (if they had no Doppler broadening). The opacity O is a more accurate measure of the effective thickness of the sample L but the scaling laws for O and L are identical. Experimentally, the opacity O is estimated by measuring the coherent transmission T of a laser beam. The incident frequency is tuned to scan all D2 lines of two rubidium isotopes ( 85 Rb and 87 Rb, see Fig. 1 (b) and Sec. 4 of supplementary material). In our range of temperature, the opacity scales as O ∼ −200 log (T ) which ensures the multiple scattering regime. The spectral broadening is proportional to the square root of the temperature while the vapor pressure depends exponentially on the temperature ensuring that the Doppler effect is almost not affected by the temperature. For long term stability and an absolute frequency reference we lock the laser on the F = 2 → F = 2 − F = 4 crossover of the D2 line of 85 Rb. We image the outgoing flux on a CCD camera via a lens of 50 mm of focal length [see Fig. 1 (a) ]. To improve the signal-to-noise ratio and to have access to a good accuracy in the tail of the radial profile I(r), we perform an angular average by adding 36 slices (separated by an angle of 10
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• from each other). In Fig. 2 (b) we plot the total transmission incoming on all pixels of the CCD camera as a function of the opacity. We clearly see that the total transmission T diff does not scale as Ohm's law prediction (i.e. T diff ∝ O −1 ) but has a superdiffusive behavior (i.e. T diff ∝ O −0.516 ), in excellent agreement with the prediction at large opacities T diff ∝ O −α/2 for α ≈ 1 [12, 26] . Considering the single step size distribution measured in [20] this exponent is in excellent agreement with the expectation for the total diffuse transmission for a Lévy walk of independent steps and different from random walk in quenched disorder [16] .
Exploiting the excellent signal to noise ratio of our angular averaged CCD images, we also plot the radial profile of the transmitted intensity I(r) in linear [see Fig. 2 (c) ] and logarithmic [see Fig. 2 (d) ] scales, high lightening the large dynamic range of our signal. We clearly see that the general shape is far from a gaussian profile. We note that even in the diffusive limit, the transmitted profile is not gaussian shape, but develops exponential tails (see Sec. 3 of supplementary material for theory and experiments). In the Lévy flight regime however, the tail clearly exhibits a power law: I(r) ∝ r −4.03±0.15 , as predicted by Eq. (7) for α = 1.03±0.15. Moreover, this asymptotic behavior is valid for a wide range of opacities as shown on Fig. (3) . We note that for increasing opacity, the total relevant signal is reduced [see Fig. 2 (b) ] and the relative importance of amplified spontaneous emission pedestal (see supplemantary information) increases, requiring thus to adapt the range of radial distances where a reasonable fit can be obtained. Finally, we stress that the scaling laws in the tail of I(r) can be obtained from a single image on the CCD, giving access to Lévy parameter with a single snapshot whose duration is 2 ms. This has to be compared to previous studies where the Lévy parameter were extracted in 30 h [27] . Also, with only one snapshot, the vertical dynamics is more than four orders of magnitude and allow a good fit. Furthermore, this single image under multiple scattering condition allows to make use of this scaling laws in different experimental conditions, in laboratory environment or in astrophysical systems.
One interesting point concerning the radial profile is the behavior at small distances r. In Lévy glasses [12] , a pronounced cusp is observed close to r = 0 which is not the case neither in our experiment nor in simulations. There are several fundamental differences between Lévy glasses and hot atomic vapors illuminated by a monochromatic laser beam. For Lévy glasses, when light enters the system, the step-size distribution is already a power law with an exponent α < 2 leading to superdiffusion. In our hot vapor experiment in contrast, the correct step-size distribution for photons at the laser frequency is an exponential function µ l (δ 0 ) exp [−µ l (δ 0 ) x], different from the power law step-size distribution after one scattering event, where the frequency is already redistributed. We have checked numerically that if a broadband excitation were used to illuminate the hot atomic vapor cell, a sharp cusp around the center of the transmitted light path is recovered.
In summary, we have shown theoretical, numerical and experimental results confirming Lévy flights of photons in hot vapor under multiple scattering condition with annealed disorder. Lévy flights in our system appear due to the interplay between the high quality factor of atomic resonances and large Doppler broadening. The scaling laws obtained for the diffuse transmission T diff and intensity profile I(r) suggests that other spectral broadenings such as collisions with a buffer gas could allow to enhance or control Lévy flights and will be accessible in realistic experimental conditions. This work opens also new perspectives to look for evidence of Lévy flight in astrophysical systems or for quantitative studies of the limits of validity of the complete frequency redistribution in hot vapors. 
